Abstract Seven experimental lysimeters were filled with different soil materials and used to study water flow and tracer transport through the unsaturated zone under natural atmospheric conditions during an eight year period (1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991). The study of soil characteristics and water flow was presented in Part 1. The present paper focuses on environmental deuterium transport. The concentrations of environmental deuterium were measured in both precipitation and the water outflowing from the lysimeters. Two model approaches were used to describe tracer transport. The numerical solution of water flow and twophase mass transport equations, referred to here as the variable flow dispersion model (VFDM), can exactly simulate spatial and temporal distribution of flow and transport parameters. The fitting parameters of VFDM are the soil characteristics, the longitudinal dispersivity, the fraction of immobile water and the transfer constant between mobile and immobile water. However, the application of the VFDM for detailed transport simulations requires an adequate database, which is typically not available. That was the reason to introduce a second model, the lumped-parameter steady-state dispersion model (DM). This model assumes dispersive distribution of the transit time of a tracer particle between input and output from the system, has two fitting parameters: the apparent dispersion constant and the mean transit time of the tracer, and requires only input and output concentrations of tracer as a function of time. Both models were calibrated to the experimental data with similar accuracy. Using the VFDM it was possible to fit output concentrations with the same accuracy assuming that the entire volume of water takes part in motion. The results obtained with the DM demonstrated that this simple steady-state approach can be applied successfully to describe tracer transport under variable flow conditions. Both models have shown that, under applied experimental conditions, it is practically impossible to discover the existence of immobile water in the system. Key words environmental deuterium; lumped-parameter approach; lysimeter experiments; mathematical modelling; transport parameters; unsaturated zone Modélisation de transfert hydrique dans des sols typiques de Bavière: 2. Transport de deutérium environnemental Résumé Sept lysimètres expérimentaux ont été remplis de différents matériaux de sols et suivis pour étudier les transferts hydriques et le transport d'un traceur à travers la zone non saturée, sous conditions atmosphériques naturelles, pendant une période de huit ans (1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991). L'étude des caractéristiques des sols et des transferts hydriques a été présentée dans la Partie 1. Cet article est centré sur le transport de deutérium environnemental. Les concentrations de deutérium environnemental ont été mesurées dans les précipitations et dans l'eau sortant des lysimètres. Aucun enrichissement isotopique du deutérium lié à l'évaporation ou à un possible échange de vapeur dans la zone non saturée n'a été observé. Deux approches de modélisation ont été utilisées pour décrire le transport du traceur. La solution numérique des équations de transfert hydrique et de transport massique biphasique, appelée ici modèle de dispersion à écoulement variable (MDEV), peut simuler exactement la distribution spatiale et temporelle des paramètres d'écoulement et de transport. Les paramètres d'ajustement du MDEV sont les caractéristiques de sol, la dispersivité longitudinale, la fraction d'eau immobile et la constante de transfert entre les eaux mobile et immobile. Les caractéristiques de sol et les flux hydriques et teneurs hydriques associées ont été appréciées dans la Partie 1. Cependant, l'application du MDEV pour des simulations détaillées de transport requiert une base de données adéquate, qui n'est en général pas disponible. Pour cette raison, un second modèle a été introduit, de dispersion quasi-stationnaire à paramètres globaux (MD). Ce modèle suppose une distribution dispersive du temps de transit d'une particule de traceur entre l'entrée et la sortie du système, a deux paramètres d'ajustement -la constante de dispersion apparente et le temps de transit moyen du traceur-, et nécessite seulement les concentrations du traceur en entrée et en sortie en fonction du temps. Les deux modèles ont été calés 
INTRODUCTION
Laboratory column experiments are generally used to estimate the basic hydraulic characteristics of soil materials. However, they are very often performed under conditions which are far from those existing in reality. They are usually conducted under ideal temperature, humidity and precipitation conditions, and the soil samples used to determine hydraulic parameters are relatively small. For those reasons, in the present paper, the water movement through the unsaturated zone was studied under natural atmospheric conditions by applying isotope hydrology. The isotope method is based on the fact that, in natural waters, for every 10 6 molecules with a O contents vary as a result of temperature-dependant isotope fractionation in all phase changes (e.g. evaporation, condensation). One result of this is that the 2 H and 18 O content in precipitation varies markedly according to time and place. The temperature effect of isotope fractionation brings about seasonal variations in isotope content with a low 2 H and 18 O content in winter and a high content in summer. Differences in the source and genesis of precipitation can, however, give rise to considerable variation in the isotope content of successive precipitation events. It is customary to express the 2 H content in terms of the so-called δ value, which is the per mille (‰) relative deviation of the isotope content from the V-SMOW (Vienna-Standard Mean Ocean Water) standard. The measurements are accurate to within 1‰ for δ 2 H (2σ criterion). For further details concerning the measurement technique or the principles of isotope hydrology methodology, reference can be made to Moser & Rauert (1980 ) or IAEA (1983 .
Several studies have demonstrated the usefulness of stable isotopes for analysing transport phenomena in the unsaturated zone (Barnes & Allison, 1983; Fontes et al., 1986; Walker & Richardson, 1991; Komor & Emerson, 1994; Abbott et al., 2000; McGuire et al., 2002; Gazis & Feng, 2004; O'Driscoll et al., 2005) . In most cases the experiments were performed in arid zones where the vertical distributions of environmental tracer concentrations were analysed. Melayah et al. (1996) presented a physically-based model to predict the transport of stable isotopes through the unsaturated zone under natural climatic conditions. In addition, they implemented a water and heat exchange with the atmosphere at the upper boundary condition to take into account the fractionation during evaporation, especially for dry conditions. However, such complex models need a high number of generally unknown input variables.
This paper discusses the results of analysing the time-dependent variations of environmental deuterium contents in precipitation and in water flowing out of the seven lysimeters filled with different soil materials (see Table 1 in Part 1 of this study -Maciejewski et al., 2006) used during an eight-year observation period (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) . The area under investigation was characterized by the mean yearly precipitation of 1004 mm, whereas the average discharge from the lysimeters varied between 800 and 946 mm year -1 . The weighted mean deuterium contents in rainwater and in water outflowing from the lysimeters were nearly the same (see Table 1 ). This indicates that, for these experiments, isotopic enrichment of deuterium due to evaporation or exchange with vapour can be neglected. In turn, this has permitted the use of directly measured deuterium contents as input and output functions.
The exact modelling of water flow and tracer (pollutant) transport requires a lot of data such as soil characteristics, hydraulic properties, transport parameters etc., which are difficult to estimate in practice without intensive and costly experimental work. Additionally, the time variability of precipitation and recharge require well developed numerical models to perform the calculations. Simple lumped-parameter approaches do not require such extensive information and data. They need only information about mean values of recharge and the measurements of stable isotope contents in water entering and flowing out from the soil. The lumped-parameter models were generally developed for steady-state flow conditions. The aim of this study was to examine how that model works under strongly variable flow and how far the model parameters obtained can be used to describe water and tracer transport.
The purpose of the work was: (a) the development of a simplified mathematical model which can describe mass transport through unsaturated water zone; (b) the application of this model to the environmental tracer data for quantitative estimation of model parameters; and (c) examination of the accuracy of these estimates by comparison with those obtained using more exact numerical models.
DESCRIPTION OF THE EXPERIMENTS
In 1979 the GSF-Institute of Groundwater Ecology in Munich-Neuherberg (Germany) initiated a research programme for the study of water and tracer transport phenomena within the unsaturated zone. For this purpose, a set of eight experimental lysimeters was constructed according to the schematic view illustrated in Part 1 (Fig. 1 Maciejewski et al., 2006) . The lysimeters were filled with soil materials taken from various sites in Bavaria: Quaternary quartz sands and quartz gravel from Oberpfalz, fluvioglacial gravel from Murnau and Tertiary sand from Zinklmiltach, and were characterized by different hydraulic properties and soil characteristics (see Maciejewski et al., 2006) . The present part of the study analyses results concerning water movement and input-output changes of deuterium contents from 1984 to 1991. The precipitated water that permeated through the soil material was collected in a specially designed bottle situated at the column outflow. Each week the amount of rainwater, the volume of water outflowing from the column (discharge per week) and the concentration of deuterium in both the precipitated and the outflowing water were determined. Figure 1 presents the variation in the precipitation amount and the deuterium content in precipitation during the total observation period of 417 weeks (eight years). The deuterium contents in water flowing out of some of the lysimeters as Fig. 2(a) -(c). Table 1 summarizes the mean deuterium contents weighted with precipitation amount and discharge of water outflowing from each lysimeter, respectively, the mean precipitation amount and the mean discharges of water, as calculated for the entire observation period. The standard deviations of these parameters are also given. (b)
Weeks (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) Fig. 2 Deuterium contents in water flowing out from lysimeters filled with (a) Quaternary quartz sand (S159), (b) fluvioglacial gravel (S162), and (c) tertiary sand (S163): measured (circle) and calculated using the VFDM (bold line) and the DM (thin solid line) for the whole observation period. The accuracy of fitting with VFDM and DM is equal to δ = 0.55and 0.65‰, respectively.
MATHEMATICAL MODELS AND BASIC ASSUMPTIONS

Variable flow dispersion model (VFDM)
The VFDM principally includes two components: the first consists of transient unsaturated-saturated water flow governed by the Richards and Darcy equations, as described in Part 1 (Maciejewski et al., 2006) , while the second considers a dispersive-convective transport in variable flow taking into account mobile and immobile water phases. Both model components were applied separately. Many investigators (e.g. Coats & Smith, 1964; van Genuchten & Wierenga, 1977; Gaudet et al., 1977; De Smedt & Wierenga, 1979) showed that, under unsaturated flow conditions, only part of the water in REV (representative elementary volume; see Bear, 1972) , the so-called mobile water, takes part in motion. In such a case the unsaturated zone can be considered as a double-porosity medium with mobile and immobile water components. The transport of ideal tracer in the mobile phase can be described by the dispersion-convection equation with a source term. The source/sink term describes the tracer transfer between mobile and stagnant water using, in most cases, the approximation introduced by Coats & Smith (1964) . Tracer transfer is proportional to the difference of tracer concentrations in mobile and immobile water. The existence of stagnant water in unsaturated soil is usually very difficult to distinguish experimentally. Given the theoretical possibility to consider two water phases, the mass balance equation used for a double porosity model by De Smedt et al. (1986) would be as follows:
and
where C and C im are tracer concentrations in mobile and immobile water, respectively; D is a dispersion coefficient; θ m and θ im are mobile and immobile water content, respectively; ω is a transfer coefficient of tracer exchange between mobile and immobile water components; q is the water flux rate; z is the depth of the lysimeter; and t is a time variable.
The dispersion coefficient D is calculated as:
where α L is longitudinal dispersivity; and D d is a diffusion coefficient of tracer in soil:
where D m is the molecular diffusion coefficient of tracer in water and τ is tortuosity). When all water takes part in motion, the immobile component is neglected and equations (1) and (2) reduce to:
Due to the fact that θ and q depend on depth z and time t, equations (1) with (2) or (4) are nonlinear and can only be solved numerically. The method of moving coordinates, described by Maciejewski (1993) , has been employed here. This approach permits the elimination of the convection term from the transport equation, which strongly reduces numerical dispersion. The variable water flux q(z,t) and the whole water content θ(z,t) calculated in Part 1 (Maciejewski et al., 2006) are used here as known. The fitting parameters of the VFDM are then reduced to those of second model component, i.e. the longitudinal dispersivity (α L ), the tracer transfer coefficient between mobile and immobile water (ω), and the ratio of mobile water to the whole water content (f = θ m /θ), which are assumed as having constant values.
The boundary condition at the soil surface (at the top of lysimeters) is given as the known concentration function:
where C 0 (t) is the deuterium content measured directly as a weighted weekly mean in precipitation (input function C in (t), shown in Fig. 2(a) ). At the bottom of the lysimeters complete mixing of tracer was assumed:
where L is the length of the column. It was further assumed that at time t = 0 the initial tracer concentrations in both mobile and stagnant water phases in the soils were the same and equal to the constant C p , which is average from the mean weighted deuterium contents in water flowing out from all lysimeters (C p ≈ -71.7‰). The value of C p is nearly the same as the weighted mean deuterium content in precipitation (-71.3‰), which shows that possible deuterium enrichment due to evaporation or exchange with vapour in the soil is negligibly small (see Table 1 ).
Lumped-parameter dispersion model (DM)
The application of lumped-parameter models to the interpretation of environmental tracer data in groundwater systems under saturated water conditions is very common (e.g. Maloszewski & Zuber, 1982; Stichler et al., 1986; Vitvar & Balderer, 1997; Maloszewski et al., 2002; McGuire et al., 2002; ) . In such an approach, the mean values of hydraulic and/or transport parameters, and quasi steady-state flow conditions are considered. The modelling is performed based on the relationship between tracer input C in (t) and tracer output C out (t) concentrations taken as a function of time. Generally, lumped-parameter models are defined by the transit time distribution functions. Each model is characterized by its own specific transit-time distribution function, which describes the transit time of tracer particles flowing through the considered system. The function has to be chosen according to the hydrological boundary conditions existing in the area under investigation (e.g. Maloszewski & Zuber, 1982 , or Maloszewski et al., 2004 . For non-radioactive and non-reactive tracers, the relationship between input and output tracer concentrations is given by the following convolution integral:
where g(τ) is the transit time distribution function (weighting function or system response function).
In the case of steady-state flow through the column (constant volumetric flow rate and constant volume of water) the two-parameter dispersion model (DM) defined by the following weighting function (Maloszewski & Zuber, 1982 , 1985 , or Maloszewski et al., 2004 ) can be applied:
where t * and (P D ) * are model parameters having a completely different definition for saturated and unsaturated porous media.
In the case of a saturated porous medium (water system with negligible portion of immobile water), the model parameters are equal to: and m θ is the mean mobile porosity, being in this case equal to the saturated porosity ( θ ). Generally, in the case of a double-porosity medium, the transit-time distribution function can be found by solving equations (1) and (2) for the instantaneous injection of tracer and for a constant water flux, which reads as follows (Herrmann et al., 1987) : This model (equation (11)) has four fitting parameters (t 0 , P D , ω and β) and its application within the convolution integral (equation (7)) for determining their values creates many difficulties due to the possible interplay of parameters. To overcome this difficulty, the approach proposed for the unsaturated zone by De Smedt et al. (1986) and for the double-porosity medium by Maloszewski & Zuber (1985) and Maloszewski et al. (2004) was followed. These authors have found that, for considerable mean transit time of water, the two-parameter ordinary DM (equation (8)) can be efficiently applied to describe tracer output concentration. The relationship between parameters of models (8) and (11) can be found by applying the method of moments in the same way as shown by Klotz et al. (1988) for the similar solution of the transport equation. The apparent dispersion parameter (P D ) * and mean transit time of tracer (t t ) are then: 
The first parameter (equation (12a)) describes simultaneously the real dispersion during tracer flow with the mobile component and dilution of the tracer concentration resulting from tracer transfer between both mobile and immobile water. The second parameter (equation (12b)), which describes the mean transit time of tracer through the system, is larger than the mean transit time of water, and can be used to estimate the mean water content (the sum of mobile and immobile components) in a column:
In conclusion, when dispersion model (8) is applied for the interpretation of tracer data in the unsaturated zone, it is impossible to distinguish if the fitting parameter t * is equal to the mean transit time of water or to the mean transit time of tracer. This parameter ultimately yields the content of entire volume of water in the lysimeter, therefore making it impossible to discover if the immobile water exists in the system at all. Under saturated flow conditions, t * is directly equal to the mean transit time of water and always yields the mean complete water content, which, following the previous argument, is simultaneously equal to the mobile content. De Smedt et al. (1986) , who performed column experiments under artificial flow conditions, found that this approach works for mean transit times equal to, or greater than, one week.
RESULTS AND DISCUSSION
The calibration of both models was performed for the observation period of seven years (1985) (1986) (1987) (1988) (1989) (1990) (1991) and for each separate year since 1985. The output data for 1984 (first year of input/output measurements) were not taken into account because the input function for any period earlier than 1984 was not known. The best fit curves for three lysimeters (S159, S162, and S163) obtained with VFDM and DM models over the entire observation period are presented in Fig. 2 . For comparison, the output concentration curves calculated and observed in 1984 are also included. These curves show that, for the whole of 1984, the calculated and measured output concentrations differed significantly. From this, it is evident that the period of time required for measuring input data (precipitation) before the output concentrations can be modelled is approximately of the order of 2-5 longer than the mean transit times of tracer through the lysimeter.
The modelling using the variable flow dispersion model began with known distribution of water velocity (see Part 1), assuming that the tracer can be transferred between mobile and immobile water phases (equations (1) and (2)). The fitting parameters of the VFDM were the longitudinal dispersivity (α L ), the transfer coefficient of tracer exchange between mobile and immobile water phases (ω) and the ratio of mean mobile to whole water contents (f), which were assumed to have constant values representative for each soil material. The modelling results have shown that, for all lysimeters, it is possible to fit the concentrations measured assuming the values of parameter f being between 0.3 and 1. It was shown that it is impossible to decide whether immobile water exists (f < 1) in the system or not (f = 1). Due to the fact that in modelling practice one should always apply a model with a lower number of fitting parameters, further modelling was performed using equation (3), i.e. assuming that the immobile water does not exist. In such a case the VFDM has only one fitting parameter; the longitudinal dispersivity. The resulting dispersivities found for all lysimeters during the entire observation period are summarized in Table 2 . In all lysimeters the calculated output deuterium contents agree well with the measured values. The greatest difference between measured and modelled deuterium contents were observed in lysimeter S163, which was filled with tertiary sand. In several time periods the output curve calculated with the VFDM is shifted to the earlier times. This effect is probably caused by imprecision in water flow modelling that underestimated water contents for some time periods, probably arising from inaccuracies in the determination of soil characteristics (Part 1- Maciejewski et al., 2006) . Modelling with the lumped-parameter dispersion model was performed using the convolution integral (equation (7)) with the weighting function (equation (8)). The model consists of two fitting parameters t * and (P D ) * ; however, is not necessary to define if the model parameter t * corresponds to the mean transit time of water (t 0 ) or tracer (t t ). Generally, each calculated curve agrees very well with the corresponding measured values (see Fig. 2 ). Only for lysimeters with short transit times, the model has yielded some single deuterium contents significantly different from the values observed (e.g. S160, S161 and S162). This effect results from the existence of extremely high or low deuterium contents in small amounts of precipitation. Lumpedparameter modelling takes these extreme values into the input function with the same weight as other values. In reality, however, due to the low precipitation amount, they weakly influence the input signal and consequently the output concentrations. The parameter values found for all lysimeters and the whole observation period of seven years (1985) (1986) (1987) (1988) (1989) (1990) (1991) are summarized in Table 2 , while the parameters obtained for each year between 1985 and 1991 are summarized in Table 3 . The results in Table 3 show the whole spectrum of possible transit times observed in different years. Comparison of the transit time found for the whole observation period of seven years (Table 2) with those obtained by modelling each separate year (Table 3) shows that the largest differences (20%) were observed for lysimeters filled with gravels, characterized by short transit times (S161 and S162), whereas the smallest differences (10%) were found for lysimeters filled with quartz sand, characterized by long transit times (S156 and S159). It is interesting that the apparent dispersion parameter is less sensitive and shows nearly the same values independent of the year of observation. Nevertheless, the fitting curves obtained with the DM are astonishingly close to those obtained with the VFDM, which strongly suggests that simple steady-state modelling applied under strongly variable flow conditions is able to fit experimental data with similar accuracy to the most exact numerical one. Estimation of the quality of the lumped-parameter approach can be also performed by comparison of the resulting water contents. The fitting parameter t * found with the DM combined with the mean yearly discharge of water yields the whole volume of water in the lysimeter. Table 2 presents the fitting parameters and the resulting mean water contents obtained by fitting the DM and VFDM to the concentrations measured during the entire observation period of seven years. The absolute differences in the mean water contents found with both models are between 0.7Vol% in the lysimeter filled with fluvioglacial gravel (S162) and 3.3Vol% in the lysimeter filled with tertiary sand (S163). Taking the values found with VFDM as representative, these differences yield the "relative error" in determining the average water content with DM being between 8 and 19%, respectively. The latter values represent the accuracy of the application of a lumpedparameter approach in estimating the average water content for a long-term observation period.
The differences between results obtained with the DM and VFDM for each separate year are more varied (see Table 4 ). For some years and lysimeters the results are nearly identical, while in others they reach up to 6.9Vol% (lysimeter S163 in 1985) . However the relative difference in this last case is 20%. The largest relative differences in water content of about 40% were obtained in quartz sands characterized by low water content (lysimeter S160 in 1987 and S161 in 1991) . In general, the largest relative "errors" appear in the soil materials having the lowest water content; however, only in a single year. For the same lysimeters the water contents found for other years agreed very well (see Table 4 ). The water contents found by fitting the DM and VFDM to the whole observation period and to the single calendar years are summarized for all soil materials in Fig. 3 . Based on calculated water contents, Fig. 3 represents the general goodness of modelling using the DM in comparison to modelling with the VFDM. The diagonal line in the figure represents the situation when both models yield exactly the same water contents. The regression line found for the modelling of the whole observation period is parallel to the diagonal and shifted by about 1.0Vol%. This means that, generally, for the long-term observation period, the DM yields water contents on average about 1.0Vol% higher than those found with the VFDM. In modelling for separate calendar years, the regression line found is also parallel to the diagonal and shifted by about 0.7Vol%. This means that in that case the DM generally yields water contents of about 0.7Vol% higher.
The above mentioned accuracy ranges are astonishingly good when one takes into account the variability of hydraulic parameters that may have resulted from natural atmospheric conditions and/or inhomogeneities of soil materials. For example, though the lysimeters S156 and S158 were filled with the same material (Quaternary quartz sand of grain size 0.1-0.4 mm) and the soil characteristics found for both were the same, the flow rates differed by up to 40% considering separate years and by 10% considering means calculated for the whole observation period (see Tables 4 and 1 , respectively) . This reflects the scale of uncertainty in the filling and packing of soil material into a lysimeter and/or the heterogeneity of even the same batch of "homogeneous" material.
CONCLUSIONS
In the current study it has been shown that, under moderate climatic conditions, natural variations in the deuterium content of precipitation allow important parameters of simple transport models to be obtained. The authors propose to use these values for the prediction of pollutant movement through the unsaturated zone. Two transport models were used: (a) the Variable Flow Dispersion Model (VFDM) which combines the Richards flow equation and transport equation(s) and; (b) the lumped-parameter dispersion model. Results obtained in this study show that environmental deuterium measured under natural flow conditions in the precipitation and water outflowing from the unsaturated zone can be interpreted using a relatively simple modelling approach (DM). In experiments considered herein, the DM, even though it was designed primarily for steady flow, also worked very well under variable flow conditions. The output concentration curves for different soil materials, each having strongly different soil characteristics, fit the experimental data with almost the same accuracy as a more exact variable flow model (see Fig. 2 ). This shows that the DM can be successfully applied to describe tracer transport through the unsaturated water zone and might also be a suitable tool for the modelling of conservative pollutant transport. This is especially true for a long-term prognosis considered on the time scale of several years: the longer the observation period, the better is the estimation of apparent parameters. The DM model cannot discern whether the system consists of both mobile and immobile water, or whether the entire volume of water takes part in motion. The transit time, without defining whether it is transit time of water or transit time of tracer, estimates the mean water content in the considered soil materials to a good degree of accuracy. However, the accuracy of this estimation does depend strongly on duration of observation. For the seven-year observation period, this accuracy was of the order of magnitude 8-19% (in absolute values 0.7-3.3Vol% by mean moisture of 8.2 and 18.1Vol%, respectively), whereas for a one-year observation period a difference up to 40% (absolute value 6.9Vol%) in single calendar years may appear. However, the analysis of results summarized in Table 4 shows that even a two-year observation period yields water contents with nearly the same accuracy as did the seven-year period (i.e. 8-19%) . This indicates that the lumped-parameter DM can also produce satisfactorily accurate estimates of the average water contents (see Fig. 3 ) or, if these are known, the mean infiltration rate.
The apparent dispersion parameter, used as a second fitting parameter, describes tracer dispersion in the mobile water component and/or the dilution resulting from the tracer exchange processes between mobile and immobile water. Its value is probably additionally influenced by the variation of hydraulic parameters (water content and water flux). Here, in contradiction to De Smedt et al. (1986) and Nützmann et al. (2002) , who performed experiments under artificial flow conditions, it was not possible to find significant dependence of apparent dispersion parameter on water content.
The average deuterium contents in precipitation and water outflowing from the lysimeters were nearly the same (see Table 1 ). This suggests that, in the soil materials used in these experiments, and under natural atmospheric conditions in Munich, selective evaporation in the unsaturated zone of soils without plants did not occur. Such selective evaporation (with isotope enrichment) is observed primarily in the arid zone (see Barnes & Allison, 1983) and in the case of vegetated soil (see Komor & Emerson, 1994) .
Modelling of water and tracer transport using the VFDM has shown that it is not necessary to consider immobile water in the experiments. The output concentration curves obtained with the one-parameter model (equation (3)) fit the experimental data very precisely. This shows that, using only one tracer, it is impossible to distinguish between mobile and immobile water components.
The comparison of input and output deuterium contents, not only during extremely high precipitation events, has shown that significant direct flow (having a transit time of days) can be recognized in lysimeters. This aspect will be discussed in a separate paper.
